Abstract The use of cerebrospinal fluid (CSF) levels of Ab42 and Tau phosphorylated at threonine 181 (pTau181) as endophenotypes for genetic studies of Alzheimer's disease (AD) has led to successful identification of both rare and common AD risk variants. In addition, this approach has provided meaningful hypotheses for the biological mechanisms by which known AD risk variants modulate the disease process. In this article, we discuss these successes and outline challenges to effective and continued applications of this approach. We contrast the statistical power of this approach with traditional case-control designs and discuss solutions to address challenges in quality control and data analysis for these phenotypes. Finally, we discuss the potential for the use of this approach with larger samples as well as the incorporation of next generation sequencing and for future work with other endophenotypes for AD.
Introduction
A variety of innovative approaches will be necessary to solve the complex etiology of Alzheimer's disease (AD). One recent approach is using cerebrospinal fluid levels of Ab42 and pTau181 as endophenotypes to study the genetics of AD. Using endophenotypes to study psychiatric disease was introduced by Gottesman and Shields [1] , who defined endophenotypes as ''internal phenotypes discoverable by a biochemical test or microscopic examination.'' Gottesman and Gould [2] later provided five criteria specific to endophenotypes that were adapted from primary phenotypes in psychiatric genetics outlined by Gershon and Gouldin [3] : (1) an endophenotype is associated with illness in the population; (2) an endophenotype is heritable; (3) an endophenotype is state-independent (present whether or not illness is active in the individual); (4) within families, an endophenotype and illness co-segregate; (5) for diseases with complex inheritance, an endophenotype found in affected family members is found in non-affected family members at a higher rate than in the general population. Endophenotype-driven studies have several advantages over qualitative disease status traits, including increased statistical power, reduced heterogeneity, and more specific biological hypotheses for associated variants [4 •• , 5, 6] .
Ab42 and pTau181 levels in CSF fit these criteria and are among the best studied and most reliable biomarkers for AD [7] [8] [9] . These powerful endophenotypes have been used in numerous recent studies to identify novel loci associated with AD and related phenotypes. Here we review the recent discoveries in AD genetics that have been facilitated by this endophenotype-based approach.
Novel Discoveries

DNA Sequencing
While technology has made whole-exome and -genome sequencing a tractable experimental design, published work to date has been mainly limited to sequencing candidate genes. Despite this limitation, two studies have successfully identified AD risk variants by sequencing individuals with extreme levels of CSF Ab42 and pTau181, then examining variants with likely functional significance for effects on risk and other aspects of AD. The earliest study of this kind was conducted by Kauwe et al. [10] . In this experiment, the promoter and coding regions of PSEN1 were genotyped in individuals with CSF Ab levels in the top and bottom 5 % of the population distribution. Among the variants identified was an alanine to valine change at the 79th amino acid (A79V). This variant was shown to segregate in the family of the proband and results in increased secretion of Ab42 in cell lines. Subsequent work has identified additional families in which A79V segregates with disease in an autosomal dominant manner [11] .
More recently, Benitez et al. [4 •• ] expanded this approach and used next-generation sequencing technologies to evaluate coding and promoter regions in APP, PSEN1, PSEN2, GRN, APOE and MAPT in individuals exhibiting extreme Ab42 and pTau181 CSF levels. They identified several known pathogenic variants, several known high-risk variants and nine novel variants. One known variant, PSEN1 p.E318G (rs17125721), was previously classified as non-pathogenic because it did not segregate with disease status in some families. This coding variant is strongly associated with CSF tau and pTau181 levels. Benitez et al. also found that p.E318G is associated with Ab accumulation in APOE-e4 carriers and that APOEe4 carriers have increased risk of developing AD (OR 10.7, 95 % CI 4.7-24.6). APOE-e4 non-carriers have half the risk of developing AD (OR 3.9, 95 % CI 3. 4-4.4 ).
These studies demonstrate that combining CSF endophenotypes with next-generation sequencing empowers researchers to identify known pathogenic mutations in ''sporadic'' AD cases. Additionally, using CSF endophenotypes allowed researchers to identify a low-frequency variant that has a large effect on AD risk and interacts with APOE. Analysis of variants discovered in recent genome-wide association studies (GWAS) for AD suggests that a large proportion of the genetic component of AD may be explained by rare and lowfrequency variants [12] . Rare variants have a minor allele frequency (MAF) between\1 %, while low-frequency variants have an MAF between 1 and 5 %. Identifying these variants is challenging and requires sequencing data in large populations. Using quantitative traits, including CSF biomarker levels, is a powerful approach to identify rare and lowfrequency variants.
SNPs for Candidate Gene and Genome-Wide Association Studies
Experiments based on SNP arrays have also led to novel AD gene discoveries. In 2010, Cruchaga et al. [13] analyzed 384 SNPs across 34 genes associated with tau metabolism, testing for association with pTau181 CSF levels. The authors identified an SNP (rs1868402) in intron 5 of PPP3R1 and six surrounding SNPs associated with pTau181 CSF levels. Subsequent analyses found that this SNP was also associated with the rate of progression in AD cases. In the same data set, however, no association for the rate of progression was found for APOE. Based on these results and what is known about the AD pathogenic pathway and amyloid cascade hypothesis, the authors postulated that genetic variants associated with tau levels are more likely to affect the rate of progression and variants associated with Ab42 levels should be associated with risk for disease. This association was replicated in multiple data sets. Peterson et al. [14] found that rs1868402 carriers have an elevated AD progression rate compared to non-carriers. Elias-Sonnenschein et al. [15 • ] later replicated the association between rs1868402 and increased tau levels in a Finnish data set. These studies implicate PPP3R1, or another proximal gene, in AD's etiology.
In 2012, Bekris et al. [16] conducted a candidate gene study in 270 samples. They reported that both rs913275 in the PPP2R4 and rs7768046 in FYN are associated with both tau and pTau181 CSF levels [16] . They studied 18 SNPs within the 5 0 and 3 0 regions of 5 kinase and 4 phosphatase genes using 101 AD patients and 169 cognitively normal controls. This study was conducted using a small subset of the sample used in the candidate gene screen conducted by Cruchaga et al. [13] . Rs7768046 did not pass imputation quality control filtering, and rs913275 is marginally associated with tau levels in the larger sample that was analyzed by Cruchaga et al. [17 • • ] (tau p \ 0.05; pTau p \ 0.072).
Several genome-wide association studies of CSF Ab42 and pTau181 levels have been published [17 •• , 18, 19] ; unfortunately, the earliest studies suffered from lack of power and succeeded only in validating the known association between these phenotypes and the APOE-e4 allele. The first GWAS of CSF Ab42 and tau levels was conducted by Han et al. [19] , where they conducted GWAS of each phenotype in the normal (n = 109), MCI (n = 109) and AD (n = 172) subsets in the ADNI samples. They confirmed the association of the APOE-e4 allele with both CSF Ab42 and tau levels and reported several putative loci for association with Ab42 and tau levels including association between CSF Ab42 levels and rs1022442 in NCAM2, which has been previously implicated in AD and other diseases [20] [21] [22] . Han et al. acknowledge the limited size and lack of replication in their initial report. Cruchaga et al. further evaluated these loci in nearly 1,300 samples and were unable to replicate this result (p \ 0.57).
In 2011, Kim et al. [18] published another analysis using the ADNI cohort combining samples of all clinical diagnoses for a total sample size of 374. This analysis again confirmed the association with the APOE-e4 allele. In addition, Kim et al. reported a genome-wide significant association between rs4499362 (EPC2) and tau levels. Unfortunately, this association did not replicate in the Cruchaga et al. [ 
In the largest genome-wide association study of these phenotypes conducted to date, Cruchaga et al. [17 • • ] used nearly 1,300 samples to identify three novel loci that showed genome-wide significance with tau and pTau181 endophenotypes. Cruchaga et al. identified rs9877502 located between GEMC1 and OSTN (3q28; p \ 4.89 9 10 -9 ) associated with tau levels, rs514716 located within GLIS3 (9p24.2; p \ 1.07 9 10 -8 and p \ 3.22 9 10 -9 ) associated with tau and pTau181 and rs6922617 located within the TREM gene cluster (6p21.1; p \ 3.58 9 10 -8 ). Of these four genome-wide significant loci (APOE, 3q28, 9p24.2, and 6p21.1), three of them also show an association with AD risk and/or progression. APOE is a well-known risk factor for AD that current hypotheses suggest affects AD risk through an Ab-dependent mechanism. Cruchaga et al. used several statistical analyses to correct for the effect of the APOE levels on Ab42. Even after stringent correction, APOE was still highly correlated with CSF tau and pTau181 levels, indicating that APOE also exerts it pathogenic mechanism by increasing tau pathology. Several studies also support this hypothesis: (1) Gibb et al. [23] and Zhou et al. [24] demonstrated that APOE shows isoform-specific differences in its interaction with tau in vitro; (2) Brecht et al. [25] and Andrews-Zwilling et al. [26] demonstrated neuronspecific differences in APOE isoform proteolysis is associated with increased tau phosphorylation and pathology in transgenic mice.
The SNP in 3q28 (rs9877502) also showed a consistent association with AD risk, tangle pathology and global cognitive decline in separate data sets. The association of this SNP was stronger with global cognitive decline than with any other AD phenotype, as predicted previously [13] . The variant located on 6p24.2 is located in the TREM gene cluster, where a low frequency variant (R47H) in TREM2 with a large effect on AD was found by two groups in late 2012 [27, 28] . More recently, a large GWAS published by the International Genomics of Alzheimer's Project (IGAP) also identified several SNPs in the same region with a strong association to AD risk (p \ 1 9 10 -7 ) [29] . By using CSF levels and conditional statistical analyses, Benitez et al. [30] were able to demonstrate that the IGAP signal and R47H (TREM2) variant represent independent signals. In addition, the IGAP signal is likely driven by theTREML2 coding missense variant S144G (rs3747742), and this variant is protective, in contrast to the R47H (TREM2), which is a risk factor with an OR similar to that of APOE.
In summary, for three of the four genome-wide significant loci for CSF tau levels in Cruchaga et al. [17 •• ] , there is strong evidence that they are involved in the AD etiology. Therefore, it is possible that the fourth genome-wide significant locus (GLIS3; 9p24.2) for CSF tau also plays a role in AD, but the mechanism is still unknown. Several common and rare variants in GLIS3 are associated with diabetes, which itself is an AD risk factor (for a summary of the literature on the AD-diabetes relationship, see AlzRisk.org). Therefore, it is possible that variants in GLIS3 affect disease duration or age at onset. Cruchaga et al. also estimated these genome-wide significant loci (including APOE) explain approximately 21 % of genetic variability for CSF tau and pTau181 levels, suggesting that other common and rare variants may reach the genome-wide significance threshold in larger studies.
Functional Hypotheses for Known AD Variants
One of the main advantages of using CSF levels in endophenotype-based genetic studies is that they provide evidence for biological mechanisms for variants involved in the AD etiology. Therefore, the CSF levels have been used to analyze the most likely functional mechanism for variants identified by GWAS or other studies. Here, we discuss specific examples.
APOE
As discussed before, APOE is the strongest risk factor for AD, and several studies performed in cellular and animal models clearly indicate that APOE affects Ab clearance, and the CSF studies also found a strong association between APOE and CSF Ab levels (Table 1 ). This association is much stronger with Ab42 than with case-control status or CSF tau levels. It is interesting, however, that APOE is also associated with tau. As explained above, further statistical and functional studies support the hypothesis that APOE affects tau pathology. This could also explain why APOE is a strong risk factor for AD since APOE increases the risk of AD through an Ab-and taudependent mechanism.
MAPT
In 2007, Laws et al. [31] sought to provide further evidence that the microtubule-associated protein tau (MAPT) was in fact playing a role in AD. The authors used a fine mapping approach consisting of traditional phenotypic association and quantitative trait (QT) analysis with CSF tau levels. The authors suggest the causal variant is proximal to rs242557. Kauwe et al. [32] later tested whether Ab42 and pTau181 CSF levels could successfully be used to identify loci involved in AD, using SNPs located in a known AD risk gene MAPT as a proof of concept. Several SNPs were associated with increased CSF tau and pTau181 levels. Association signals for these SNPs were strongest in individuals with evidence of Ab deposition in the brain. Alleles associated with increased CSF tau and pTau181 levels were also associated with earlier age of onset. These data demonstrated that Ab42 and pTau181 CSF levels could successfully identify AD risk loci and suggested that they could be used to identify novel loci. Elias-Sonnenschein et al. [15 • ] found in 2013 that rs2435211 was associated with both increased tau and pTau181 CSF levels.
GWAS Loci/Genes
Several efforts have focused on identifying the functional mechanism of GWAS loci, but not with strong results. Elias-Sonnenschein et al. [15 • ] analyzed 25 SNPs in 222 AD patients with CSF levels and found that CLU (rs11136000) and MS4A4A (rs2304933) correlated with significantly decreased Ab42, while SORL1 (rs73595277) and MAPT (rs16940758) correlated with increased pTau181. On the other hand, Guo et al. analyzed the association of SORL1 SNPs with CSF levels in 1,005 MCI and AD patients and found several SNPs and haplotypes in SORL1 associated with Ab42, but not tau [33] . Brouwers et al. [34] analyzed the association of several BIN1 SNPs with CSF levels in 339 AD cases and found four SNPs correlated with increased CSF amyloid Ab42 levels, suggesting a role for the CR1 protein in Ab metabolism. However, in a larger study, Kauwe et al. [35 • ] did not identify any variant in CR1, BIN1, CLU or PICALM passing stringent multiple test correction in a study including CSF levels from more than 600 individuals. Several variants in CLU and PICALM did show a nominal association with CSF Ab42 and tau. These discrepant results indicate that additional studies in larger data sets are needed to identify real associations with GWAS loci.
Considerations for Analysis and Study Design
The main advantages of CSF levels as an endophenotype for AD are the increased statistical power and development of biological hypotheses for genetic effects. In previous sections, we already showed examples of how the CSF levels have been used to identify potential functional mechanisms, as in the case of APOE, MAPT and TREM2. The CSF levels have been used successfully to identify functional and independent signals in complex GWAS loci, as in the case of TREM2.
CSF endophenotypes also provide approximately fivefold more power than the regular case-control studies. When comparing the p value for APOE associated with case-control versus APOE associated with CSF Ab42 and tau, the p-value for CSF Ab42 is five times more significant than the p-value for case-control analysis. Likewise, even CSF tau provides twice the power as the case-control analysis, even though tau is not the main pathogenic mechanism for APOE. As a practical example to compare the power of an endophenotype-based study, approximately 15,000 individuals are needed to achieve similar power as in the currently largest GWAS (74,000) [29] . Unfortunately, the largest GWAS published for CSF endophenotypes to date includes only 1,269 individuals [17 •• ] . Despite this problem, using CSF Ab and tau as endophenotypes for AD has proven successful given the previously discussed studies and the advantages in terms of both statistical power and development of biological hypotheses for genetic effects.
Notwithstanding the advantages of endophenotypebased approaches and the success that has been realized to date, there are serious challenges in gathering and analyzing CSF Ab and tau phenotypes. These challenges should be considered in future study designs. First, obtaining samples and CSF measurements is expensive and difficult, limiting sample collection. This has left CSF GWAS studies underpowered relative to the massive data sets that have been assembled for studies using case-control status as the phenotype [29] . Measuring CSF Ab and tau levels at different sites can be inconsistent because of sample handling, preparation, antibody selection and other methodological practices [36] . While there have been concerted efforts to standardize these practices, combining data from multiple sites remains challenging and must be done with great care. Cruchaga et al. [17 • • ] dealt with these challenges by standardizing phenotype data from each series to a mean of zero, then including adjustments for site in the analysis. Significant markers are then carefully checked to confirm consistent signals for association from each individual data set. This approach has been used successfully in several studies [13, Table 2) .
In addition, these phenotypes are rarely normally distributed. As a normal distribution is a fundamental assumption of linear regression, this is an important consideration when analyzing CSF Ab and tau levels. In some cases, simple transformations are sufficient to approximate normality. When they do not, researchers must interpret the results cautiously. Replication can be a simple solution; if the result is consistent in independent data sets that do not violate the assumptions of the model, then the result is likely to be valid. In cases where replication cannot be conducted, non-parametric approaches may be used to avoid violating the normality assumption.
Including appropriate covariates is also an important consideration. While including variables with known effects on the phenotype and adjusting for population stratification are common practice, there are differing opinions on how clinical status should be incorporated into the genetic analysis of CSF Ab42 and tau levels. On one hand, it can be argued that including clinical status as a covariate is necessary since it clearly explains variance in CSF Ab and tau levels because it would help identify variants that are associated with CSF Ab42 and tau levels independently of clinical status. Similarly, some researchers opt for subset analyses of each clinical phenotype class. This allows researchers to analyze and presumably identify variants that are associated with CSF Ab42 and tau levels either independently of disease or specifically in the context of disease. Unfortunately, this also results in drastically reduced power as sample size is reduced in each subset, and the variance in both Ab42 and tau is drastically reduced in AD cases.
On the other hand, the purpose of an endophenotypebased approach is to find markers that influence the risk for disease by leveraging the statistical advantages of the endophenotype. As that is the case, there is no reason to adjust for the variance explained by clinical status. That variance is, in fact, the variance that is most likely to be explained by genes that alter the risk for disease via effects on CSF Ab42 and tau levels. As such, we recommend that studies using these endophenotypes to find novel AD risk genes do not adjust for clinical status or APOE e4 genotype.
Finally, identifying variants that are associated with CSF Ab42 and tau levels does not constitute a discovery in Alzheimer's disease. Findings must be brought back to a disease context. Associated variants should be tested for association with AD risk, rate of decline in AD patients, measures of AD pathology and other aspects of disease that may be available. This key aspect of an endophenotypebased approach to studying AD genetics provides the confirmation that the variant indeed alters disease. This confirmation allows the realization of the full benefits of this approach-the identification of novel variants that alter aspects of AD through a clearly predicted biological pathway.
Future Directions
Current published studies have already demonstrated the utility of CSF biomarker levels as endophenotypes for AD. Several common variants [13, 17 •• , 32] and rare variants [10] have been identified using this approach. We expect that larger GWASs for CSF tau and Ab will identify additional significant genome-wide signals, although this may require meta-analyses from different studies.
Low-frequency and rare variant studies have been challenging because such studies require re-sequencing large populations. New ''exome-genotyping arrays, ' ' have enabled researchers to analyze genome-wide, low-frequency and rare coding variants at an affordable cost. These genotyping arrays contain more than 250,000 coding [39] , who selected individuals in the extreme of the distribution for hippocampal volume change. Similar approaches may lead to the identification of novel genes associated with CSF levels and AD. Many AD researchers have also turned to interaction studies to better understand AD's etiology. While some highly penetrant variants have been identified, such as the TREM2 variant and APOE, Ebbert et al. [40] demonstrated that most genes implicated in AD's etiology do not predict disease status at a level that is diagnostically useful and that they may interact in a non-additive manner. This highlights the importance of approaches that seek to address the role of complex gene-gene interactions in the risk for AD. As endophenotypic-based studies identify novel loci involved in AD, researchers need to also explore how the loci interact in order to truly understand AD's etiology.
Conclusions
In summary, using CSF Ab and tau levels as endophenotypes for genetic studies of AD has resulted in the discovery of novel AD risk variants and provided evidence for the biological mechanism of risk effects of variants that have been discovered using different approaches. This work has been of great value to the AD genetics community. Success with these phenotypes also highlights the importance of applying other endophenotypes to the study of AD. As data sets grow in size and efforts are made to incorporate wholegenome and -exome sequencing approaches, we expect that important and novel insights into the genetic etiology of AD will be made by leveraging imaging, fluid and psychometric, and other types of endophenotypes for AD. Human and Animal Rights and Informed Consent This article does not contain any studies with human or animal subjects performed by any of the authors.
